Increased risk for neurodegenerative diseases in professional athletes by Lee, Michael Jisoo
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2015
Increased risk for
neurodegenerative diseases in
professional athletes
https://hdl.handle.net/2144/16147
Boston University
BOSTON UNIVERSITY 
 
SCHOOL OF MEDICINE 
 
 
 
 
 
Thesis 
 
 
 
 
 
INCREASED RISK FOR NEURODEGENERATIVE DISEASES 
 
IN PROFESSIONAL ATHLETES 
 
 
 
by 
 
 
 
 
MICHAEL J. LEE 
 
B.S., University of Michigan, 2010 
 
 
 
 
 
 
 
 
Submitted in partial fulfillment of the 
 
requirements for the degree of 
 
Master of Arts 
 
2015 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ©  2015 by 
     MICHAEL J. LEE 
                 All rights reserved  
  
   
 
Approved by 
 
 
 
 
First Reader   
 Simon Levy, Ph.D. 
 Associate Professor of Physiology and Biophysics 
  
 
 
 
Second Reader   
 Theresa A. Davies, Ph.D. 
 Assistant Professor of Medical Sciences & Education 
 Director, M.S. in Oral Health Sciences Program 
 
 
 
 
  iv 
DEDICATION 
 
This thesis is dedicated to the Almighty Lord who determines my steps, my family who 
gives me strengths, my roommates Dongwook, Jin, and Kevin who gives me courage and 
my love Sooyoun who completes me. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  v 
ACKNOWLEDGEMENT 
 
My special thanks to Dr. Simon Levy for his expert, sincere, and valuable guidance and 
encouragement extended to me. I also thank Dr. Theresa Davies who helped me with strong 
enthusiasm and faith from the beginning. Last but not least, my gratitude to Dr. Gwynneth 
Offner, my program director, and the Division of Graduate Medical Sciences (GMS) at 
Boston University School of Medicine for the opportunity to pursue graduate study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  vi 
INCREASED RISK FOR NEURODEGENRATIVE DISEASES IN 
PROFESSIONAL ATHLETES 
MICHAEL J. LEE 
 
 
ABSTRACT 
Background Although concussion and sport-related traumatic brain injury is being 
acknowledged as a major public issue, especially in professional football players, current 
study is mostly limited to retrospective studies and post-mortem autopsies. The purpose of 
this study is to identify a potential association between concussion and neurodegenerative 
disease in athletes, and propose a prospective approach of studying concussion and its 
effect. 
Methods A total of 26 studies related to concussion in athletes and published after January 
2000 were collected from PubMed and Google Scholar. More recent papers with higher 
citation counts were given the priority. 
Results Retired professional football players showed five times greater risk for mild 
cognitive impairment, three times greater risk for memory loss, and four times greater risk 
for amyotrophic lateral sclerosis and Alzheimer disease. Autopsy results from football 
players also revealed findings consistent with chronic traumatic encephalopathy. 
Population with the Apolipoprotein E (APOE) promoter G-219T TT (Thymine-Thymine) 
genotype showed increased susceptibility for concussion. 
Conclusion This study revealed that a history of concussion has statistically significant 
associations with high incidence of neurodegenerative diseases in professional athletes. In 
  vii 
addition, the results suggest the 2-(1-{6-[(2-[F-18]fluoroethyl)(methyl)amino]-2-
naphthyl}ethylidene)malononitril(FDDNP)-positron emission tomography tau binding 
patterns and the APOE promoter G-219T TT genotype provide a new approach to study 
and monitor the progression of neurodegenerative conditions in athletes.  
  viii 
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INTRODUCTION 
 
Concussion 
 
 According to the World Health Organization, more than 40 million people 
worldwide suffer from concussions or concussion-like symptoms every year. Concussion 
is defined as a traumatic brain injury that affects brain functions (Belanger and Bander, 
2005). Post-concussion symptoms can be subtle or not immediately visible. Short-term 
consequences include but not are limited to headaches, memory loss, confusion, dizziness, 
nausea, vomiting, slurred speech, or problems with concentration, gait, or coordination 
(Lehman et al. 2012). Long-term or delayed symptoms can be personality changes, 
sensitivity to light and noise, sleep disturbance, depression or disorders in taste and smell. 
Normally caused by a direct blow to the head and neck or physical trauma to 
elsewhere on the body that can transmit an impulsive force to the head, concussions can 
also occur when the head and upper body are violently shaken or rotated without any direct 
contact (Hernandez et al. 2014). In addition to the direct trauma to the head, sudden 
acceleration or deceleration of the head can generate an inertial force that causes the brain 
to oscillate violently against the inner walls of the skull, resulting in brain injury and 
affecting brain function (Figure 1). The brain is normally protected by surrounding 
cerebrospinal fluid from minor trauma. However, when severe force is applied, the fluid 
may not be able to alleviate the force completely and expose the brain to physical damage. 
Although the exact mechanisms of concussions are being studied, Hernandez et al. (2005) 
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at Stanford University recently suggested rotational accelerations as an important 
contributor to concussions in addition to more traditionally recognized translational forces. 
If bleeding occurs in or around the brain, delayed symptoms such as drowsiness and 
confusion occur. Such injury can be fatal and requires emergency care. Although rare, 
traumatic brain injuries can also occur with a loss of consciousness and therefore people 
can experience concussions without acknowledging it (McCrea et al. 2004). However, most 
concussive traumatic brain injuries are mild and people can normally recover fully with 
time and rest. 
 
Figure 1: Acceleration can exert rotational forces in the brain, making the 
midbrain and diencephalon vulnerable 
Adapted from Medical Illustrations by P. Lynch (2006). 
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 Risk factors of concussions include moving collisions (motorcycle, car, bicycle, 
etc.), combats, physical abuse, falling, and history of previous concussions. However, the 
most well-known risk factor is participating in a high-risk contact sport such as football, 
hockey, soccer, rugby, and boxing (Faden and Loane, 2015). No-contact sport players such 
as a hammer thrower also reports concussive symptoms, further supporting Dr. 
Hernandez’s suggestion of rotational acceleration as a contributor of concussions. Most 
mild concussions normally display only temporary symptoms and do not lead to serious 
complications if given enough time to rest and heal. However, serious neurodegenerative 
symptoms and other complications such as sleep disturbance are reported by retired 
professional athletes who experienced multiple concussive events (Kostyun et al. 2014). 
 
Concussion in Professional Athletes 
 
 Recent statistics announced by the Center for Disease Control and Prevention 
suggest that more than 300,000 traumatic brain injuries occur annually in the United States 
from playing sports (Terrell et al. 2008). Concussions in athletes are becoming a serious 
public health issue because they are more frequently exposed to repetitive trauma to the 
head. The retirement of high-profile professional athletes because of recurrent cerebral 
concussion led to increased awareness regarding this issue. Although initially thought to 
not involve any structural damage to the brain, it is now recognized that some concussions 
can lead to structural damage to the brain with loss of neurons or swelling in certain areas 
of the brain. For instance, Hudziak and Albaugh (2014) recently confirmed an association 
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between brain structure alteration and post-concussive symptoms in young male hockey 
players who are otherwise healthy athletes. After studying 29 male athletes ranging in age 
from 14 to 23, the study identified not-age-related reductions in cortical thickness that 
could may be tied to competing in a full-contact sport that involves repetitive trauma to the 
head. Cortical thinning was especially significant in frontal, parietal, and temporal regions 
even after age and intracranial volume was controlled (Figure 2). 
 
 
Figure 2: Cortical regions in which post-concussive symptoms were inversely related 
to cortical thickness 
Age and intracranial volume was controlled. Cold shades represent negative associations 
while warm shades represents positive associations. Adapted from Albaugh et al. (2014). 
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 In addition to cortical thickness alteration, athletes also reports sleep disturbance 
after suffering sport-related concussions (Kostyun et al. 2014). Among 545 adolescent 
athletes, those who self-reported sleep disturbance such as trouble falling asleep, sleeping 
more than normal, or sleeping less than normal also reported greater numbers of total 
concussion symptoms compared to those who did not report sleep disturbance (Table 1). 
Athletes who self-reported longer-than-normal sleep duration displayed worse 
neurocognitive testing results, suggesting that longer sleeping duration could be tied to 
active recovery from concussion. 
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Current Limitation in Diagnosis 
 
 Although concussion in athletes is becoming a more prominent issue in the United 
States, current evaluation process and return-to-play decision making possess several 
concerns. First of all, a determination of the severity of concussion is possible only 
retrospectively when athletes are no longer displaying cognitive functional deficits or other 
symptoms (Thomas et al. 2015). Such a situation makes it difficult to accurately assess the 
severity of concussion due to limited information and observation. Another concern rises 
from the fact that most concussions are evaluated based on athletes’ self-report, which is 
rather unreliable. Because there is no biologic marker for detection of concussion or 
examination with high sensitivity or specificity, loss of consciousness has been 
traditionally considered as the primary measure of concussion severity, making athletes 
who suffer loss of consciousness or short-term memory loss candidates for further 
evaluation. However, recent studies suggest the possibility of suffering severe concussions 
even without loss of consciousness (McCrea et al. 2004). Without being aware of this, 
athletes can elect not to report post-concussive symptoms believing their injury is not 
severe. In fact, when 1,532 football players from Wisconsin were surveyed regarding their 
concussion history, only 47.3% of those who suffered concussion reported their injury 
(McCrea et al. 2004). Football players decided not to report their injuries mainly because 
they considered them to be not serious enough to warrant further evaluation (Table 2). 
  8 
 
Table 2: Adapted from McCrea et al. (2014) 
 
The tendency of athletes not self-reporting their injuries due to their willingness to play or 
lack of knowledge complicates the diagnosis of concussion and lowers the prevalence of 
concussions in athletes. However, athletes are exposing themselves to increased risk for 
cumulative or more serious effects from recurrent injury by covering up their injuries, 
leading to the danger of second impact syndrome. When athletes sustain another 
concussion while still recovering from earlier injuries, more rapid neurological 
deterioration can occur. Therefore, the relationship between concussion and neurological 
deterioration should be studied further to inform athletes about potential risks. 
Concussion and Neurodegenerative Diseases 
 Recent studies revealed that retired professional athletes, especially National 
Football League (NFL) players, display significantly high chance of developing 
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neurodegenerative diseases such as Alzheimer disease or Lou Gehrig’s disease – also 
known as amyotrophic lateral sclerosis (ALS) (Al-Chalabi and Leigh, 2005). Figure 3 
summarizes chronic neurodegeneration linked to traumatic brain injury (TBI). 
Neurodegenerative diseases refer to progressive loss of function or death of neurons. 
Alzheimer patients lose their ability to remember and reason due to irreversible loss of 
neurons while ALS patients lose their ability to move due to loss of motor neurons in their 
spinal cord and brain (Mitchel and Borasio. 2007). According to the National Institute for 
Occupational Safety and Health in Cincinnati, professional football players have three 
times greater risk of death by neurodegenerative diseases and four times greater risk of 
death from Alzheimer’s disease and ALS. Similar results were suggested by other contact-
sports such as boxing or soccer as well (Gavett et al. 2011). The purpose of this study is to 
further confirm the correlation between concussion in professional football players and 
their chance of developing neurodegenerative diseases and make recommendations for 
potential approaches to identify its underlying causes. 
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Figure 3: Chronic neurodegeneration after traumatic brain injury 
Single or multiple injuries to the brain leads to complex biochemical mechanism that 
results in chronic neurodegeneration and neuropsychiatric changes. The pathology and 
biochemical mechanism involved in Alzheimer’s disease, chronic traumatic brain 
inflammation and chronic traumatic encephalopathy are shown. Aβ = β amyloid; TDP-43 
= TAR DNA-binding protein 43, NFTs = neurofibrillary tangles; NOX 2 = NADPH oxidase; 
BACE = β amyloid converting enzyme; APP = amyloid precursor protein; PS-1 = 
presenilin-1. Adapted from Faden and Loane. (2015) 
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OBJECTIVES 
 
 Although concussions and other sport-related traumatic injuries to the brain have 
been recognized as a major cause of neurodegenerative symptoms and death of retired 
professional football players for nearly two decades, scientists are yet to reveal accurate 
explanation of how concussion occurs and how it contributes to progressive brain damage. 
Moreover, it was not until recently that the National Football League finally acknowledged 
the fact that many of retired football players suffer from chronic traumatic encephalopathy 
(CTE), which is a type of encephalopathy that will appear years after repetitive concussive 
trauma with symptoms such as memory loss, aggression, depression, and confusion. 
 Because neurodegenerative diseases often takes a few decades to display 
symptoms and affect athletes and also because many athletes intentionally or 
unintentionally fail to report their injury due to desire to play or lack of information, 
significantly many cases of concussion go unnoticed. Athletes who do not receive proper 
evaluation will then miss an opportunity for appropriate medical treatment and will 
increase the risk for developing further serious injuries. The purpose of this study is to 
identify the relationship between sport-related concussion and neurological deficits so 
more players can be aware of this issue. In addition, this study aims to suggest a potential 
future direction to study concussion in prospective way using genetic profiles. 
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METHODS 
 
Data Collection 
Research papers were systematically searched and collected from PubMed and 
Google Scholar based on their relevance to concussion and citation count. The search was 
restricted to articles in English. The keywords consisted of a combination of medical 
subject headings (MeSH) and text words. A total of 26 studies related to concussion in 
athletes were collected. Among those with similar relevance, more recent papers with 
higher citation counts were given the priority. Studies published prior to January 2000 were 
excluded. 
 
Data Management 
First, all titles were examined and abstracts were read. To exclude any potential 
selection bias, full texts were examined without knowing the results. Each data was 
categorized based on their specific topic such as specific neurodegenerative disease. Of 26 
studies, 13 studies were specifically about concussion and its relationship to ALS. Figures 
and tables were selected from each study to provide scientific evidence for results presented 
in this study. Full tables and figures were used without any manipulations or cropping. 
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RESULTS 
 
Recurrent Concussion and Late-Life Cognitive Impairment 
 Of 2,552 retired football players whose average age was approximately 53.8 years, 
60.8% reported sustaining at least one concussion during their career and 24% reported 
sustaining three or more concussions (Guskiewicz et al. 2005). When asked if they suffered 
any long-term consequences of their injuries, 17.6% reported having a permanent effect on 
thinking and memory skills. In order to compare the severity of mild cognitive impairment 
(MCI) in retired football players, MCI and memory questionnaires were given to 758 
football players and 641 retired player’s family. Based on physician diagnosis, self-report, 
and family report, players with recurrent concussion displayed five times greater 
prevalence of MCI diagnosis and three times greater prevalence of memory loss compared 
to players without a history of concussion (Figure 4). All results were statistically 
significant. This data suggest that a history of concussion could be a risk factor for late-life 
cognitive impairment and potentially other neurodegenerative diseases, and multiple 
recurrent concussions can exacerbate the problem (Guskiewicz et al. 2005). 
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Figure 4: Percentage of retired players aged 50 years or older with a diagnosis of MCI 
and memory problems. Results shown (self-reported or reported by a spouse) by 
concussion history (none, one, two, and three or more). Error bars indicate 95% confidence 
intervals. P < 0.007. Dx MCI: diagnosis of mild cognitive impairment. Adapted from 
Guskiewicz et al. (2005). 
 
 
CTE in Football Players 
 Potential association between recurrent concussion and mild cognitive impairment 
warrants further study on concussion in retired professional football players and their 
neurological conditions. In 2005, Omalu and his team performed a complete autopsy on a 
50 year-old retired professional football player who died 12 years after retiring from the 
National Football League. The subject was an offensive lineman who started playing 
football in high school also played 3 years at a Division I college before entering the NFL. 
  15 
Prior to his retirement, the subject played in 245 games in the league for 17 seasons. His 
family reported a history of neuropsychiatric problem that resembled a dysthymic disorder 
as well as memory loss, judgment deficit, and Parkinsonian symptoms. No history of brain 
injury or trauma outside of professional football was reported (Omalu et al. 2005). 
 From autopsy, no cerebral atrophy, cortical contusions, infarcts, or hemorrhage 
were found. No visible structural damage or abnormalities were identified. In order to 
locate potential microscopic abnormalities in the brain, all tissue sections were primarily 
stained with hematoxylin and eosin. In addition, specialized stains for beta-amyloid protein, 
neurofilament, tau protein, and alpha-synuclein were applied. Although moderate cerebral 
edema was noted, there was no abnormality in the frontal, parietal, and temporal neocortex 
nor Lewy bodies. However, many diffuse extracellular amyloid plaques (Figure 5A), along 
with sparse intraneuronal band-shaped neurofibrillary tangles (NFTs, Figure 5C) were 
identified in the frontal, temporal, parietal, occipital, and cingulate cortex and insula 
(Omalu et al. 2005). Tau-positive neuritic threads were also revealed in neocortical areas 
(Figure 5B), suggesting diagnosis of CTE. Although the findings in Figure 5 alone are 
insufficient to suggest a causal link between professional football playing and CTE, the 
presence of cortical amyloid plaques and NFTs evidently shows CTE in this retired football 
player’s brain. 
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Figure 5: Beta-Amyloid Immunostain and Tau Immunostain of the Neocortex 
A: β amyloid immunostain of the neocortex with diffuse amyloid plaques; B: tau 
immunostain of the neocortex with neurofibrillary tangles and tau positive neuritic threads; 
C: tau immunostain with neurofibrillary tangles in neocortical neruons along with 
extending tau positive dendritic processes; D: β amyloid immunostain of the Sommer’s 
sector with no diffuse amyloid plaques. Adapted from Omalu et al. (2005). 
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Increased Risk for ALS in Football Players 
 
 According to the National Institute for Occupational Safety and Health (NIOSH), 
retired NFL players displayed a high prevalence of nervous system death primarily due to 
ALS. Lehman et al. (2012) conducted a study to understand the relationship between 
playing football and developing neurodegenerative diseases. A cohort of 3,439 retired NFL 
players and their cause of death were studied. Subjects played at least 5 seasons in the 
league between 1959 and 1988. Of those players, approximately 39% were African 
Americans and 62% played speed positions such as fullbacks, running backs, quarterbacks, 
halfbacks, wide receivers, tight ends, defensive backs (cornerbacks), safeties, and 
linebackers. These positions involve frequent tackling, sack, and targeting which are all 
physical collisions directly to the head and body. Therefore, the speed position players 
suffer concussion and helmet-to-helmet more frequently. Nearly half of the speed positions 
were played by African Americans, while only 28% of non-speed positions were played by 
African Americans. Non-speed positions include defensive linemen and offensive linemen, 
which involves blocking and holding only and rarely tackling. The cohort’s median age 
was 57 and only 10% were deceased (Lehman et al. 2012). 
 Although the overall mortality of the cohort was significantly lower than the 
average U.S. men mortality, mortality of the cohort for all neurodegenerative causes was 
significantly higher for the retired football players (Table 3). The retired football players 
had less chance of dying from cancers and cardiovascular diseases than the average 
population. However, the neurodegenerative mortality of the retired football players was 3 
  18 
times higher than that of the average U.S. population. Importantly, the mortality related to 
Alzheimer disease and ALS was 4 times higher than that of the average U.S. population 
(Lehman et al. 2012). This result alone does not explain what leads to higher risk for 
neurodegenerative disease in football players but it represents higher prevalence of 
conditions such as AD and ALS in football players, which is definitely significant 
compared to that of the average population. 
 In addition, the study also revealed that speed position players possessed more than 
3 times higher risk of death from neurodegenerative causes than non-speed position players 
(Table 4). Previous studies stated that the incidence of concussion in speed position players 
are greater than those of non-speed position players, and the momentum of collisions is 
also greater for speed-position players since they involve more route running. Such 
observation can be related to the higher risk of neurodegenerative diseases in speed-
position players although Table 4 alone is not sufficient to reveal the underlying cause for 
the finding. 
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Tau-Protein Deposition in Retired Football Players 
 The main function of tau protein is to stabilize axonal microtubules in the central 
nervous system and protect the brain from pathologies and dementia (Magnoni et al. 2011). 
Tau proteins are highly soluble, but they become an insoluble, self-assembled deposits 
when damaged or hyperphosphorylated. Tau protein deposition has been linked to many 
neurodegenerative diseases collectively and is called tauopathy (Small et al. 2013). Tau 
protein deposition is also linked to slow recovery from head trauma. Presence of tau protein 
deposition in retired football players has been noted in some studies. In Mckee et al. (2009) 
an autopsy report of a 45 year-old retired football player’s brain displayed irregular, patchy 
deposition of tau protein in frontal, subcallosal, insular, temporal, and parietal cortices as 
well as the medial temporal lobe (Figure 6). 
 The subject was a former NFL player who played as a linebacker in high school, 
college, and 10 years in the NFL. His wife reported that multiple recurrent concussions 
occurred during his professional careers but only one concussion was medically confirmed. 
The subject also exhibited minor impairments in short-term memory, concentration, and 
judgment along with aggression and depression, which all got progressively exacerbated 
towards the end of his life. Deposition of tau protein and reported change in personality all 
support CTE in the subject. 
  22 
 
Figure 6: Tau Immunostain of Whole Kount 50-um Coronal Section 
A-D Whole mount 50-um coronal section of the frontal (A), temporal (B), insular (C), and 
parietal (D) cortices and the medial temporal lobe. Tau immunostain (with monoclonal 
antibody AT8) with cresyl violet counterstain. Irregular and patchy deposition of 
phosphorylated tau proteins are shown. Adapted from McKee et al. (2009) 
 
 
 Although CTE is traditionally diagnosed by autopsy, one recent research was able 
to identify the fibrillary tau deposition in living brain using 2-(1-{6-[(2-[F-
18]fluoroethyl)(methyl)amino]-2-naphthyl}ethylidene)malononitril(FDDNP)-positron 
emission tomography (PET). FDDNP-PET, which is capable of differentiating Alzheimer 
disease from MCI and normal aging, was used on retired NFL players with cognitive and 
psychiatric symptoms for tau tangle and amyloid plaque deposition. As a result, elevated 
amygdala and subcortical FDDNP binding patterns were identified, which were also 
  23 
consistent with tau deposition pattern described in autopsy studies of CTE (Figure 7) 
(Small et al. 2013). On the other hand, the control displayed only limited binding in these 
areas. This result was also significant because the observed pattern differed from those in 
patients with cognitive and psychiatric symptoms with no history of concussion. When the 
strength of FDDNP signals in NFL players were quantitatively compared with controls, the 
players displayed stronger signals in amygdala, midbrain, thalamus, and caudate as well 
(Figure 8). Last but not least, the FDDNP binding signals increased with increase in number 
of concussions, although the result was not statistically significant due to small sample size 
(Figure 9). 
 Identification of tau protein deposition in retired professional football players is 
important because it could provide a mean for premorbid identification of 
neurodegeneration in athletes. At this point, CTE is only accurately confirmed postmortem 
via autopsy. 
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Figure 7: FDDNP-PET Scan Results Adapted from Small et al. (2013). 
NFL 1: 59 year-old retired linebacker with a history of mild cognitive impairment and 
momentary loss of consciousness following two concussions. 
NFL 2: 64 year-old retired quarterback with a history of age-consistent memory 
impairment and momentary loss of consciousness and amnesia following one concussion. 
NFL 3: 73 year-old retired offensive guard with a history of dementia, depression, loss of 
consciousness following 20 concussions, and a 12-hour coma following one concussion. 
NFL 4: 50 year-old retired defensive lineman with a history of mild cognitive impairment, 
depression, and two concussions (10-minute loss of consciousness for one of them) 
NFL 5: 45 year-old retired center with a history of mild cognitive impairment, 10 
concussions, sensitivity and irritability to light, and decreased concentration. 
Red and Yellow: high FDDNP binding signals. 
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Figure 8: Scatter plots of FDDNP binding values in players and controls 
FDDNP binding level scatter plots in the amygdala, midbrain, thalamus, and caudate 
regions. Red circles = 5 retired NFL players; Blue circles = 5 controls. Players show 
significantly higher FDDNP binding compared to controls. DVR = Distribution Volume 
Relative to the cerebellum (reference). Adapted from Small et al. (2013) 
 
 
Figure 9: FDDNP binding levels versus number of concussion in retired players 
A positive relationship between the number of concussions and the FDDNP binding level 
in the amygdala, midbrain, thalamus, caudate, and putamen of the players. Higher FDDNP 
binding level is shown for more repetitive concussions. DVR = Distribution Volume 
Relative to the cerebellum (reference). Adapted from Small et al. (2013) 
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Genotypes and Risk for Concussion 
 A recent study suggested that the APOE and tau gene may play a role in concussion 
(Terrell et al. 2008). Located on chromosome 19 at position q 13.2, the APOE gene 
possesses three major isoforms (ε2, ε3 and ε4) and is responsible for the production of 
apolipoprotein (Apo E). Apo E is upregulated in response to concussion because it accounts 
for lipid transport in brain and maintains neural structure integrity, which are all essential 
for neurological injury recovery. Among the three isoforms of Apo E, APOE ε3 enhances 
neurite growth while APOE ε4 inhibits it. APOE ε4 is known as a risk factor for Alzheimer 
disease and CTE in boxers as well, deterring the brain recovery after trauma. 
 In order to assess the potential genetic contribution to concussion, 196 college 
football players were studied and 97 concussions were reported (Terrell et al. 2008). Of 
those, 72 participants reported a history of one or more concussions, and 124 reported no 
history of concussion. No statistical difference in genotype distribution in two groups 
(concussed vs. not concussed) was noted. In Table 5, the relationship between a history of 
concussion and APOE, APOE promoter, and tau protein genotypes is summarized. The 
APOE promoter is known to have three G-219T polymorphisms in the region 186 base-
pair upstream of the TATA box: G-219T TT (thymine-thymine), G-219T GT (Guanine-
Thymine), and G-219T GG (Guanine-Guanine). Interestingly, a statistically significant 3-
fold increase in risk for concussion was identified in those with the APOE promoter G-
219T TT genotype relative to the GG genotype. However, a history of concussion showed 
no meaningful association with APOE genotypes or haplotypes. Although there was no 
statistically significant association between tau protein genotypes and concussions, the 
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Ser53Pro polymorphism of tau protein may have an association with increased risk for 
concussions (Terrell et al. 2008). In Table 6, associations of APOE genotypes with a history 
of concussion based on the number and severity grade are presented. The results indicate 
that there is a statistically significant association between the TT genotype with a single 
concussion and with high-grade concussions. 
 
 
Table 5: Multivariate-Adjusted Associations of APOE Promoter Genotypes and Risk 
for Concussion in Participants GG: APOE promoter G-219T Guanine-Guanine 
genotype; GT: APOE promoter G-219T Guanine-Thymine genotype; TT: APOE 
promoter G-219T Thymine-Thymine genotype. Adapted from Terrell et al. (2008) 
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Table 6: Multivariate-Adjusted Associations of Genotypes and Risk for Concussion 
in Participants History of concussion; n = number of athletes for each genotype; % = 
percentage of athletes for each genotype; Note 2.7 odds ratio (OR) for athletes with the 
APOE promoter genotype TT. Adapted from Terrell et al. (2008) 
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DISCUSSION 
 
Understanding the relationship between concussion and neurodegenerative 
diseases is becoming an important issue in public health, especially for athletes who play 
contact-sports such as football, soccer, hockey, or boxing. For years, retired athletes 
reported late-life cognitive impairments and change in personalities, pointing at their 
histories of concussions as potential risk factors. 
In fact, retired football players showed at least 5 times increased risk for MCI (mild 
cognitive impairment) diagnosis and 3 times greater risk for memory loss. Moreover, 
neurodegenerative symptoms were exacerbated with multiple concussions, supporting 
athletes’ claim that concussions led to their suffering. Recent studies suggest that 
development of CTE could be contributing to neurological deficits seen in professional 
football players. Post-mortem autopsies performed on retired football players with a history 
of concussion and personality change indeed show signs consistent with CTE. In addition, 
CTE is being considered a contributor for high incidence of Alzheimer disease and ALS 
seen in football players. If concussion is a risk factor for CTE that leads to Alzheimer 
disease and ALS in football players, what is the underlying mechanism? Is there a way to 
prevent or minimize this? 
Understanding the exact mechanism of how concussion causes neurological 
deficits is difficult at this stage partly because concussion and CTE are studied in 
retrospective fashion. When brains are studied and concussion levels are assessed via self-
report, a disease has already progressed to an advanced stage. However, if the FDDNP-
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PET binding patterns are employed in future studies, it becomes possible to study live brain 
and investigate tau and amyloid deposition in prospective fashion. This means a non-
invasive early detection and intervention of trauma-related neurodegeneration will be 
available. Concussion is known to damage the midbrain and diencephalon the most, and 
thalamus is one of the most popular areas for tau deposition. Therefore, monitoring tau 
deposition pattern following concussive events can provide more information on whether 
concussion promotes tau deposition in the brain. 
In addition to studying the tau deposition pattern, professional athlete’s genetic 
profile can also be helpful in revealing the link between concussion and neurodegenerative 
diseases. With a statistically significant 3-fold increase in risk for concussions in population 
with the APOE promoter G-219T TT genotype, further studies should focus on the link 
between genetic profiles and concussions. For example, the TT genotype of the APOE 
promoter could contribute to tau deposition in brain, thus slowing down the recovery from 
head trauma. If a certain group of athletes are indeed more susceptible to concussion due 
to their genetic factors, the results could be used to design more efficient preventive model 
for concussions. 
This study has several limitations. First, many of its data were collected either from 
individuals or from small population. Therefore, drawing conclusions based solely on these 
data can lead to generalization error. For clinical application in the future, the findings must 
be replicated in a large, multi-center, prospective cohort study and be validated. This study 
also presents multiple neurological findings in professional athletes who suffered 
concussions, but could not link those findings with clear explanation. At this point, it is not 
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clear how concussions, CTE, ALS, Alzheimer disease, tau deposition, and the APOE 
promoter genotypes are connected to each other. Finally, no information was available on 
potential environmental risk factors for concussion and neurologic disorders. Despite such 
limitations, this study does provide support for the finding that professional athletes are at 
an increased risk for neurodegenerative diseases, and also provide suggestions on how to 
make an improvement for future studies on concussion. 
 
CONCLUSION 
This study revealed that a history of concussion has statistically significant 
associations with high incidence of neurodegenerative diseases in professional athletes. In 
addition, the results suggest the FDDNP-PET tau binding patterns and the APOE promoter 
G-219T TT provide a new approach to study and monitor the progression of 
neurodegenerative conditions in athletes. 
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FUTURE DIRECTIONS 
 
 Despite recent studies suggesting a statistical relationship between repetitive 
concussions in football players and their risk for neurodegenerative diseases, no underlying 
mechanism of concussion leading to Alzheimer or ALS has been identified. There still is a 
debate whether concussion truly is the cause for high incidence of neurodegenerative 
disease in retired football players. 
 
Absence of CTE in retired football players with multiple concussion 
Previous studies identified a relationship between multiple concussions and 
diagnosis of CTE. Lehman et al. (2012) even suggested CTE as a primary cause of 
neurological death in retired football players, suggesting that the onset of CTE can lead to 
other neurodegenerative conditions such as Alzheimer disease and ALS. However, there 
was a recent study suggesting that multiple concussions may not be a sufficient cause for 
CTE in football players (Hazrati et al. 2013). A consecutive case series brain autopsy study 
was performed on six retired professional football players who played in the Canadian 
Football League and had histories of multiple concussions (Table 7). Surprisingly, the 
results did not support a strong correlation between a history of multiple concussions in 
these football players and CTE. Of the six participants, only 3 showed post-mortem 
neuropathological evidences for CTE while the other 3 still displayed findings consistent 
with Alzheimer, ALS, and Parkinson diseases (Figure 10). According to gross macroscopic 
findings, Case 1, Case 3 and Case 4 showed physical features consistent with CTE such as 
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reduced brain weight (Case 1, 3, 4), atrophy of the frontal and temporal cortices and medial 
temporal lobe (Case 3, 4), loss of pigmentation in the substantia nigra (Case 1, 3), and 
atrophy in amygdala and hippocampus as well (Case 3). Microscopic findings also showed 
tau protein neurofibrillary and astrocytic tangles in Case 1, 3, and 4 to support diagnosis of 
CTE in these players (Figure 11). In addition to CTE, Case 1 had Alzheimer disease and 
Case 3 had Lewy body disease. Other patients, although they were negative for CTE, still 
represented neurodegenerative findings. Case 2 had ALS, Case 5 had Alzheimer disease, 
and Case 6 had Parkinson disease (Hazrati et al. 2013).   
 The results of this study warrant further research on CTE and multiple concussions 
since they make it difficult to establish a strong link between the two. In one study, the fact 
that only 3 out of 6 retired players had CTE means multiple concussions may not correlate 
with increased risk for CTE (Hazrati et al. 2013). Also, the fact that other 3 players still 
had neurodegenerative diseases without having CTE suggests that CTE may not be the 
causal factor for developing conditions such as Alzheimer or ALS. There may still be an 
underlying cause that ties all pathologies together that has yet to be identified. 
  34 
 
T
a
b
le
 7
: 
C
o
n
se
c
u
ti
v
e 
ca
se
 s
er
ie
s 
b
ra
in
 a
u
to
p
sy
 p
ro
fe
ss
io
n
a
l 
fo
o
tb
a
ll
 p
la
y
er
s.
 B
ra
in
 a
u
to
p
sy
 r
es
u
lt
s 
o
n
 s
ix
 r
et
ir
ed
 C
an
ad
ia
n
 F
o
o
tb
al
l 
L
ea
g
u
e 
p
ro
fe
ss
io
n
al
 f
o
o
tb
al
l 
p
la
y
er
s 
w
h
o
 h
ad
 h
is
to
ri
es
 o
f 
m
u
lt
ip
le
 c
o
n
cu
ss
io
n
s.
 A
d
ap
te
d
 f
ro
m
 H
az
ra
ti
 e
t 
al
. 
(2
0
1
3
) 
  35 
 
 
Figure 10: Gross Macroscopic findings on neuropathological examination  
Upper panel = lateral views of the unsectioned brain; Middle panel = coronal sections 
through the cerebrum; Lower panel = axial sections through the brainstem. 
A: Case 1. Mild-to-moderate atrophy is seen with ventricular enlargement, corpus 
callosum thinning, substantia nigra depigmentation, and cavum septi pellucidi. 
B: Case 2. Normal brain with no apparent neurodegeneration in the midbrain or substantia 
nigra. 
C: Case 3. Mild-to-moderate atrophy in the frontal and temporal lobes with significant 
ventricular enlargement (middle panel). Atrophy also noted in the amygdala and 
hippocampus along with fenestrated septum pellucidum. Significant depigmentation in the 
substantia nigra. 
Adapted from Hazrati et al. (2013) 
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Figure 10 (Continued) 
D: Case 4. Mild atrophy in the frontal and temporal lobe with ventricular enlargement and 
cavum septi pellucidi. No substantia nigra depigmentation. A metastatic lesion in the pons 
is seen. 
E: Case 5. Atrophy with moderate ventricular enlargement. No substantia nigra 
depigmentation. 
F: Case 6. Minimal atrophy and ventricular enlargement with substantia nigra 
depigmentation. 
Adapted from Hazrati et al. (2013) 
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Figure 11: Microscopic findings on neuropathological examination 
A: Case 1. Hyperphosphorylated-tau staining of the cerebral cortex. Neurofibrillary 
tangles identified in the superficial layers of the gray matter and in depths of sulci. 
Consistent with CTE. 
B: Case 2. Magnified motor neuron in the ventral horn (spinal cord). Intracytoplasmic 
TDP-43 inclusion is shown. Inset: Hyaline inclusion. 
C: Case 3. Alpha-synuclein staining of the cortex, substantia nigra, and locus ceruleus. 
Lewy bodies and neurites are identified. Inset: Cytoplasmic Lewy body. (High power view) 
D: Case 4. Immunohistochemistry. Tau-positive neurofibrillary tangles and astrocytic 
tangles in multiple layers. 
E: Case 5. Bielschowsky silver staining of the hippocampus. Abundant neurofibrillary 
tombstones are seen. 
F: Case 6. Alpha-synuclein and HandE/LFB staining of the cortical section. Diffuse Lewy 
bodies and Lewy neurites are seen. Inset: Lewy body (High power view) 
Adapted from Hazrati et al. (2013) 
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Physical Activity not a Risk Factor for ALS 
 When playing sports became a potential risk factor for ALS, a number of studies 
have been performed to identify the cause-effect relationship between the two, especially 
in the epidemiological field. Surprisingly, some studies suggested that physical activity 
may not be a risk factor for ALS. In order to further assess this conclusion, Hamidou et al. 
(2014) conducted an epidemiological study on a selected 37 studies using the classification 
system developed by Amon in 2003. This system evaluates the literature and draws 
conclusions based on the class of evidence that ranges from class I (highest) to class V 
(lowest). Data from class I, II, or III will be further categorized into the evidence level A 
(established), B (probable), or C (possible). However, if data is from class IV or V, then the 
data will be considered as an evidence level U (unknown relationship). Table 8 summarizes 
all 37 studies selected by Hamidou et al. (2014) showing information such as each study’s 
design, period, presented diseases, and level of evidence. Using Amon’s system, Hamidou 
et al. (2014) confirmed that sport / physical activities are indeed not a risk factor for ALS 
although football and soccer do possess a possibility of being a risk factor (Table 9). 
 This study is not excluding sports as a risk factor for ALS but rather suggesting it 
as one of factors that accelerates the occurrence of the disease in genetically predisposed 
population. In conclusion, an individual’s genetic profile and environmental factors affects 
the person’s susceptibility to ALS and only excessive sports could exacerbate the process. 
The study conducted by Pupillo et al. (2014) even mentions ALS protective effects of 
physical activities. 
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Table 9: Evidence level of studies. Selected 37 studies are categorized into classes of 
evidence I (highest) through V (lowest). Adapted from Hamidou et al. (2014) 
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 Hazrati et al. (2013), and Hamidou et al. (2014) definitely reveal interesting 
findings because they question the proposed relationship between concussion and 
neurodegenerative conditions such as CTE or ALS. Although recent studies identified high 
incidence of neurodegenerative diseases in football players with a history of concussions, 
these contradicting findings provide a possibility that what was found in football players 
may be a product of coincidence or biased studies. However, even if playing football and 
suffering concussions are not direct cause of ALS or CTE, Hazrati and Hamidou both fail 
to propose any underlying explanation of why retired football players are more susceptible 
to neurodegenerative diseases. Therefore, future studies are desired to understand the 
underlying mechanism of neurodegenerative disease development in football players.  
In order to overcome limitations rooting from retrospective studies and self-
reporting, prospective studies are more desired. Utilization of tau protein markers such as 
FDDNP and studying the APOE promoter genotype will enable prospective studies on CTE 
and help us understand potential link between CTE and other neurodegenerative diseases. 
Tau protein and the FDDNP binding can be especially helpful in studying CTE and ALS 
because they provide a mean to study live brains. 
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